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ABSTRACT 


This thesis deals with the simulation of transport 
processes in rotary lime sludge/cement kilns. Using a 
semi -theoretical approach based on fundamental theory a 
process model was developed. Sets of equations for chemical 
reactions, mass flow, and heat flow were solved simultaneously 
on a digital computer to give profiles of temperatures 
and compositions as a function of position in the kiln. 

Effect of reducing water level in the sluriy feed was also 
studied. The results of the simulation agree well with 
the performance of operating rotary kilns. 



CHAPTER 1 


INTRODUCTION 


Rotary kilns are used in several process aonlications 
bjr virtue of their simple and reliable operation and low- 
maintenance cost. Some typical commercial uses of the 
rotary kiln are in the manufacture of cement, lime from lime 
stone/dolomite/limc sludge, roasting of ores such as gold, 
silver, iron etc., production of sodium aluminium sulphate, 
reduction of iron ore to obtain nodules for blast furnace 
charge, calcination of sodium bicarbonate, calcination of 
peuroleum coke, etc. 

Raw material is fed to the kiln in the form of slurry/ 
moist solids/pulverised solids and is contacted count er- 
currently with hot combustion gases obtained from the 
burning of fuel oil, natural gas or pulverised coal as 
energy source. Tho final product is withdrawn as a free 
flowing solid from the hot end of the kiln and the combustion 
gases leave from the feed end of the kiln. In general, 
material is processed through the following zones in the 
rotary kiln: drying zone, heating zone, reaction zone and 
soaking zone. The complexity of the heterogeneous solid/ 
liqiid/gas system increases from the feed to the product 
end with the transf ormations accompanying the physico-chemical 
changes as the kiln burden is processed through the various 
zones of the kiln. 
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This study deals with the analysis of heat and mass 
transfer processes accompanied by chemical reactions in 
rotary kilns. A model is developed for a cement kiln and 
subsequently applied for the relatively simple lime sludge 
kiln. Rotary kilns have been the subject of study in 
several earlier investigations [1,3,5,6,7,21,23,39,40,41],, 
and the salient features of these studies are summarised 
in Table 1.1. Some of these studies are empirical in 
nature [5,6] while others pertain to certajn specific zone 
or aspect of kiln operation/perf omance [39,41]. A mathe - 
matical model is necessary for simulating the performance of 
a rotary kiln. In this study, a model is developed based 
on mass and energy balance and supplemented by the findings 
of various investigations. 

Process models for rotary kilns based on a complete 
theoretical description of the system require specific 
physico-chemical data* The latter is often not available 
over the range of conditions of kiln operation. An empirical 
model based on plant data will be useful for the kiln studied 
and limited in its applicability to other kilns due to 
variations in design and operating practices. The process 
model developed in this study is a semi-theoretical one 
based on fundamental theory, and includes empirical estimates 
of unknown parameters. The model can be used for the 
simulation of operating rotary kilns to assess performance 
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and to study the influence of changes in major operating < 

parameters as also for process design of rotary kilns. The i 
model is developed based on principal heat transfer mechanians ; 
and the chemical reactions in the various zones. For esti- 
mating the residence time of the charge material in the 
rotary kiln theoretical and semi theoretical models developed 
by various workers was used [23,21]. 

The model is used in conjunction with plant data to | 
simulate rotary kiln for production of (i) cement clinker by we 
process and (ii) lime by calcination of lime sludge from a 
pulp mill. The model gave verv good agreement (within 8.1 
per cent of the fuel consumption) in all the cases. 



Author 


Topics investigated 


Sass [39] 

Pearce [l] 

Zablotny [23], 
Khodorov [21] 

Imber and 
Pashkis [3] 

Weber [5] 

Folliot [6] 
lyons [41] 
Oygi [7] 


Simulation of the d lying zone in wet 
process kilns 

Model for heat transfer inside the charge 
in rotary kilns 

Movement of charge in Rotary Kilns 

Rotary kilns as recuperative heat 
exchangers 

Temnerature and composition measurements 
in rotary kilns 

Heat transmission in rotary kilns 
Chemical reactions in cement kilns 
Thermodynamics of c ament kilns 




CHAPTER 2 


MECHANICAL AND OPERATIONAL ASPECTS OF A ROTARY KIM 

2.1 Mechanical Aspects : 

A rotary kiln is essentially an inclined cylindrical 
steel shell mounted on roller bearings as shown in Figure 

2.1. It is lined with refractory bricks to prevent over- 
heating of the steel. Occasionally two linings a re used, 

the one next to the shell being an insulating brick. 

Insulation on the outside of the shell is generally not 
used. 

The feed is introduced into the upper end of the kiln 
by various methods, i.e. inclined chutes, overhung screw 
conveyers and slurry pipes. Sometimes ring dams or chokes 
of a refractory material are installed within the kiln to 
build a deeper bed. The hot product is discharged from the 
lower end of the kiln into quench tanks, onto conveyers, or int 
cooling devices which may or may not recover the heat. These 
cooling and heat recovery devices include rotating inclined 
cylinders, inclined slow moving grates, shaking grates, etc. 

Typical sizes of rotary kiln installations are shown 
in Table 2.1, Some kilns may have two or three diameters 
to increase kiln capacity, decrease fuel consumption and 
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Fig, 2-1 - Sketch ot a typical rotary kiln 



improve product quality. Often an enlarged cross— section 
at tlie hot end is provided to increase the hold up time at 
high temperatures. 

Modem rotary kiln shells are of all welded construction 
with riding rings of forged or cast steel and sleeve type 
main hearings. Power is transmitted to the rotary kiln 
through gears which are helical or spur with automatic 
spray lubrication. 

Kiln inclination varies with processes from 1° to 4° 
and peripheral speeds may vary from very slow (0.9 m/min) 
for a titanium oxide kiln to (38.0 m/min) for a unit calcining 
phosphate materials. 

Accelerated drying of slurries in the feed end of 
the rotary kiln in wet process operations is achieved by 
installation of a system of hanging chains, buckets or 
flights. With the chain system, slurry is heated in three 
ways: by direct radiation transfer, from chains suspended in 
hot gases, and by convective transfer due to the flow of 
the hot gases over the slurry bed. The product is obtained 
as uniform granules in most applications of the rotary kiln. 

The fuel used in the kiln may be either gaseous, 
liquid, or powdered solids. The burner pipe is installed in a 
housing consisting of a fixed or movable kiln hood. A center 
position for the fuel pipe is used when the flame is wanted 
off the charge. Quite often an off center position for the 
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fuel pipe is also used. With, oil or gas as fuel upto 40 per 
cent of the stoichiometric air requirement is blown through 
the burner tube without swirl. A pressure jet oil gun or 
gas lance passes down the middle of the primary air tube. 

Coal burners are, in general, of slightly more elaborate 

design consisting of two or three concentric tubes. In the 
latter which three tubes, the inner most is for coal transport 
and the middle and outer tubes are used for primary air. 
Primary air circulation may be swirled to increase corbustion 
intensity, by directing it through the middle tube fitted 
with helical vanes. 

Other minor mechanical features of rotary kilns include 
scoop system for recj^cling collected dust, or in some cases 
for introducing a food comp orient through the shell at some 
intermediate point or points. Dust recovery equipment include 
cyclones, settling chambers, scrubbing towers and electrical 
pricipitators. 

2.2 Operational Aspects of a Rotary Kiln : 

From an operational standpoint rotary kilns may be 
broadly classified as diy process or wet process rotary kilns 
depending on the moisture content of the feed material. 
Generally a dry feed kiln will have three zones of heating 
and a wet kiln will have four: 

1. drying znotat feed end for the removal of free 
moisture. 
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2. heating zone r - ' ere the charge is heated to 
the desired reaction temperature (i.e. , the 
decomposition temperature for limestone or 
'burning’ temperature for cement). 

3. reaction zone in which the charge is burned, 
decomposed, reduced, oxidised, etc. 

4. Soaking zone where the reacted charge is 
superheated or ‘soaked » at temperature or, if 
desired cooled before discharge# 

The heat transfer mechanisms in the various zones of 
the kiln are obviously not the same. In the first two zones 
the dominant heat transfer mechanism is convection from the 
hot kiln gases to the burden material (Partly through the 
intermediary wall or hanging chains). In the last two zones 
the dominant heat transfer mechanism is radiation from the 
hot gases and the flame. 

As the charge material proceeds from one zone to 
another its physical and chemical nroperties undergo changes. 
For example, in the wet process cement rotary kiln the feed 
slurry (35 per cont moisture) is thick and does not flow 
freely. Chains in the drying zone serve as surfaces upon 
which the material can accumulate until it is not longer 
sticky at which time it will break off as a granular solid 
and continue its movement into the heating zone. At the 
beginning of the reaction zone , temperatures are high enough 

(800-900°c) to cause a decomposition of the calcium carbonate. 
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However, it is not before the clink oring reactions that the 
charge starts to melt. In practice, there are no sharp 
dividing lines between the various zones. Bogue [25] considers 
that reactions giving cement compounds can start as early as 
600°C which would normally be considered to fall in the heating 
zone. 

The attainable thermal efficiency in the burning of 
cli nk er in modem rot arty kilns is about 50 per cent. Roughly 
20 per cent of the heat is lost by radiation through the 
walls and about 50 per cent with the gas going to the stack. 

A small amount of heat is lost in the solids coming out of 
the recuperative heat exchanger. The heat recovered in the 
coolers is used to preheat the combustion air to the rotary 
kiln. With the present day internal heat exchangers the exit 
temperature of tho gas is about 50°C above the dewpoint of 
the gas. It is generally not advisable to recover heat any 
further from the flue gases in order to provent corrosion 
problems in the auxiliary dust collection equipment installed 
before the stack. 

Cyclones or electric precipitators installed with 
rotary kilns are very efficient for the collection of entrained 
dust from the stack gas. In the rotary kiln fine particles 
of charge material are carried along the form of dust by the 
combustion gases. The quantity of dust increases with the 
gas velocity, the proportion of fine particles in the material 
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and with the number of heat exchanger inserts. For the 
majority of the wet process cement rotary kilns the dust 
quantity is between 2 and 5 per cent as referred to the 
clinker throughput. Part of the dust produced in the rotaiy 
kiln is precipitated in the drying zono and is carried along 
by the charge material back towards the kiln outlet. In this 
way an ’internal dust cycle’, or internal circulation of dust 
is brought about. The dust which is not precipitated in the 
kiln itself is for the most part collected in the electro- 
static dust collection plant and returned directly to the 
kiln inlet. In this way an ‘external dust recycle* is 
established. 
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TABLE 2.1: TYPICAL ROTARY KILN INSTALLATIONS 


Size 

Diam.x Length. 

(m x m) 

Portland 

Dry- 

Process 

■mi 

Lime (tnd) 

Lim e Lim e 

sludge stone 

1.52 x 24.38 

23.5 

16.8 

10.0 

16.0 

1.82 x 21.33 

31.9 

22.6 

3.5 .0 

24.0 

2.13 x 21.33 

46.2 

33.6 

20.0 

35.0 

1.68 x 54.86 

47.8 

41.9 

30.0 

45.0 

2.13 x 36.57 

79.7 

57.1 

35.0 

55.0 

2.28 x 38.10 

96.5 

69.7 

40.0 

70.0 

1.82 x 67.05 

70.5 

63.0 

45.0 

65.0 

2.43 x 42.66 

125.9 

90.6 

55.0 

90.0 

2.74 x 48.76 

184.6 

134.0 

80.0 

130.0 

2.43 x 91.43 

193.0 

167.9 

110.0 

160.0 

3.20 x 56.38 

302.0 

218.2 

130.0 

190.0 

3.20 x 76.20 

293.8 

256.0 

175.0 

240.0 

3.35 x 91.43 

402.9 

352.5 

225.0 

300.0 

3.50 x 91.43 

436.4 

377.6 

240.0 

320.0 

3.50 X144.77 

671.4 

587.5 

375.0 

450.0 

3.66 X152.39 

772.1 

671.4 

425.0 

500.0 






The rotary kiln is a countercurrent reactor in which 
mechanical, thermal and physico-chemical changes are taking 
place simultaneously, and it is necessary to know the resi- 
dence time of the material in the various sections for a 
rational design of the system. The hold up of the material 
in individual zones of the kiln is a function of the rate 
of shifting of the material along the kiln axis. This rate 
depends on many factors, such as the inclination of the 
kiln, diameter, the number of revolutions per minute, tho 
rheological properties of the charge material and the 
presence of internal structural obstructions in the kiln. 

In a wet process rotary kiln the change in physical proper- 
ties of the burden material from tho feed to product end is 
quite substantial. The somewhat sticky slurry at the feed 
end is converted to a free flowing material after it has 
passed through the drying section. In the decarbonating 
zone the solid charge material becomes powdery and flaky 
after losing carbon dioxide. This leads to an increase in 
the bulk density of the material. And finally in the reaction 
and clinkering zones where the temperatures are between 
1300-1500°C a degree of melting (20-30 per cent of the charge) 
occurs sufficient to cause the material to cohere into small 
balls or jiyamps of clinker. The charge takes about 2.5 hrs. 
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to pass through a kiln 60 m long and the time during which 
it is at the clinkering temperature is, at most, 20 minutes. 

In view of the fact that the clinkering zone is a small 
fraction (10-20 per cent) of the overall kiln length it is 
possible to consider the burden material to be a free flowing 
solid for studying the material movement in the kiln. There- 
fore to illustrate the character of the motion we examine a 
simple example of the motion of free flowing materials in 
an unobstructed kiln and assume no change in the physico- 
chemical properties of the materials during their residence 
in the rotary kiln, 

3.1 Mechanism of Motion of the Charge ; 

During the movement of a rotating cylinder, partially 
filled with free flowing material, two components appear: the 

motion of particles of the charge material in the cross-section 
of the cylinder and the motion along the axis of the cylinder. 
Sullivan [4], Saeman [17], Boguslavskii [18] and Ronco [19] 
have described the motion of particles in rotating cylinders. 
An important factor contributing to the axial movement of the 
charge is the angle of inclination of the axis of the rotating 
cylinder to the horizontal and must be greater than the angle 
of slide of the material for uniform movement. Modem rotary 
kilns have an inclination of 3-5 ner cent and being consi- 
derably lessthan the angle of slide of the materials a 

uniform shifting of the entire mass does not occur. In these 
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■units the charge consists of a layer 1—5 cm thick and 
is lifted by the wall in the direction of rotation of the 
cylinder. As a result of tills. the angle of inclination of 
the surface of the charge is close to the angle of slide for 
the material. The angle of slide of charge materials 
usually lies between 20° -40? In industrial processes the 
layer of charge usually occupies 8-20 per cent of tho volume 
of the kiln. 

To explain the motion of the charge in rotary kilns, 
the above authors examined the motion of individual particles 
of the material. In any cross-section, a -narticle of material 

present in the charge cannot be shifted along the kiln at a 
a rate different from tho velocity of all particles of the 
material surrounding it. During rotations of the kiln, 
individual particles of free flowing material are shifted 
along the axis of tho kiln in a flattened helical motion. 

Diomidovskii [46] described the motion of particles in a 
rotary kiln in the following manner? a particle of material 
located in the bottom layer of the charge at point 1 (Pig.5.1), 
during rotations of the cylinder moves together with the 
charge along the path (arc 1-1 1 ), then, by the effect of 
gravity that particle rolls from point l 1 along the slanting 
surface to noint 2. from which it again travels with the 
charge along the path (arc 2-2') and emerges on the surface 
at point 2'. This pattern of particle movement is also 
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Fig.,31 - Path of a particle in a rotary kiln. 



Fig. 3-2 -Sectional view showing periodic 
sliding of charge. 
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Illustrated by 3-3’ and 4-4’ in Figure 3.1. The forward 
progressive motion occurs only when the path of the rolling 
of the particles over the surface- of the material forms an 
(internal) angle of less than 90° with the axis of the kiln. 

The material slides periodically, in tho manner of an 
avalanche, from the top to the bottom part of the charge on 
the surface (Fig. 3. 2). When the surface of the charge is 
level or forms with the horizontal plane an angle smaller 
than the angle of slide of the material, rolling of the particles 
on the surface cannot occur. This situation is shown in 
Figure 3.2. by the straight line C-C. During the rota.rv motion 
of the cylinder, the surface of the charge gradually moves 
from position C-C into the position A-A, forcing the angle |3 
with the horizontal. At the moment the surface of the charge 
attains position A-A, the surface layer of the charge is 
detached in tho upper part of the segment and then sliding 
of tho material begins. The quantity sliding down is shown 
schematically in Figure 3.2 by the lino AOB, which simultaneously 
forms the angle called the shearing angle* After rapid 
sliding of that part of tho material, the surface of the 
charge is in dynamic equilibrium, as it rests at an angle 
smaller than the angle of slide by the shearing angle. The 
next portion of the material can slide on the surface of the 
charge only when that surface as a result of rotation of the 
cylinder again is on the straight line AA. Therefore, the 
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motion of particles is subject to periodic sliding of tiic 
surface layer. 

Diomidovskii [46] states that the shearing angle 
has been determined experimentally and that it depends on 
the physical properties of the charge material as well as 
the number of revolutions per minute of the cylinder. At 
1-2 rpm the shearing angle for cement is 12-15°. When the 
speed is increased to 4-6 rpm, however, the shearing angle 
diminishes rapidly to zero. Some confirmation of this is 
given by Boguslavskii [18] for rotary soda calciners(4 rpm), 
who observed the sliding of only a thin layer of material, 
and the theoretical thickness of this layer was equal to the 
linear size of the particles (the diameter). M 0 reover, lie 
concluded that particle size has no influence on the output 
of the kiln or the flow rate of charge, as the diameter of the 
particles had no influence on the angle of slide of the 
material. Therefore, the formulae for calculation of the 
rate of shifting will not include, the particle size of the 
material. If this condition is not fulfilled, then during 
rotations of the kiln the charge will be elevated only to a 
height at which the angle between the surface of the material 
and the horizontal is less than the angle of slide. Then 
the particles will not roll on the surface of the charge and 
only sliding of the entire section of the charge along the 
walls of the kiln will occur. 
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3.2 Rate of Charge Movement : 

In this section a mathematical derivation of the 
axial velocity of the material in a rotary kiln is outlined. 
The rate of charge shifting depends on the production rate, 
diameter, speed and volume fraction of the kiln occupied by 
the charge. 

Figure 3.3 shows the geometry of an inclined rotating 
cylinder. From this figure one can obtain for the geometry 
of the flow of charge material: 



sin 

v _ sm&L 
* sin p 

(3.1) 


tan 

stnP 

■ — * 

(3.2) 



sin p 


and 

sin 

M ' 

P = sm p cos y 

(3.3) 


where 

P = angle of slope (static angle of slide) 

Mr 

P = apparent angle of slope (dynamic angle of slide) 
Is = angle of inclination of drum 

(a) Transport of material if the volume fraction of kiln 
occupied by material is zero. 

AL = it D tan y (3.4) 

A.t ss ~ where n = rpin of kiln (3.5) 

W M0 = a t = J&xia l velocity when volume fraction 
is zero (3.6) 
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■ Dn it tan y 
¥ M0 ’ 60 


(3.7) 


(b) Transport of material if the volume fraction of kiln 
occupied by material is finite and equal to 0M- 

At a partly filled drum section the transport of 
material is caused by gliding of the highest layer as shown 
in fig. 3*4. Turning through the angle d# we get for the 
hatched volume of material 


dV = R sin 6 • R d </ sin 6 b 
where b is the forward displacement 

A displacement of the centre of gravity from S to S' gives 


Al = j D sin 6 tan y 

V = f D* b 


(3.8) 

(3.9) 


Therefore the centre of gravity is displaced by 

Al -m in the time dt = = 2nn/60- 

The axial velocity of the material may then be expressed as 


W _ 
M ~ 


W M = 


juJj 

V 


dV 

dt 


D*n • sin- 5 6 




M 


tan y 


3 

D*n*sin 6 sin J/ 


sin (J* 90 (; 


sin 2 6 


(3.10) 

(3.11) 


) 


'7C 2 

for 6=0, i.e. when the filling is zero, W^q goes to 

0/0 and leads to the following term after differentiating the 
numerator and denominator with respect to 6 


v - v 

MO ~ 60 


(3.12) 
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W M = 2 sin 3 6 

¥ M0 3(6- | sin 2 6) 


(3.13) 


The material transported per hoar is represented by- 
equation (3 . 14 ) 


& M = 4 • *M ' 3600 ? M <3- M ) 

^ M = bulk density of material 
A number of formulae similar to 3.11 have appeared in the 

technical literature [4,17,22,20,21,23]. These formulae 

which are derived on the basis of theoretical premises or 

statistical analysis attempt to give the linear velocity or the 

rate of shifting of the charge in. a rotary kiln. Some of these 

are listed below: 

Sullivan [4] 


* = °* 565 fh 


(3.15) 


Saeman [17] 



3.14 D«n» U 
sin (3 


(3.16) 


Bayard [22] 


% 


M 


3.24 


D*n* V 
T24~+\ p) 


(3.17) 


Baranowskii [20] 



2.32 


D*n* j/ 
sin {3* 


sin? 5 

( 26-sin 26; 


(3.18) 


Ehodorov [21] 

W M = [ 1+ 0.00257 • j 


g(sin (3* - tanB cos ^ rn 
D sin 6 45 -* 

(3.19) 
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Zablotny [23] 

\ = 0.735 itDn (“^) 0 * 85 ( 3 . 20 ) 

Zablotny' s [23] correlation is used in the present work in 
equation 5.6. The latter correlation derived on a semi- 
theoretical and statistical basis is superior to the others 
[4,17,22] which are derived from theoretical considerations. 
Ehodorov [21] and B a ranowskii ' s[20] correlations are more 


involved. 



CHAPTER 4 


HEAT TRANSFER IN ROTARY KILHS 

4.1 Heat Transfer Mechanism ; 

Gygi [8] studied heat transfer in a wet process rotary 
kiln for cement manufacturing in 1937 and Ms work still forms 
the basis for several present investigations. 

The transmission of heat along the axis was calculated 
on the basis of the experimental data. The calculations showed 
that heat transfer in the hot zones of the kiln was mainly by 
radiation, in wMch the free exposed wall of the kiln acted as 
indirect heating surfaces. In the cooler parts of the kiln, 
however, heat transmission by radiation diminishes, and 
transmission by convection is more important. In the above 
heat transfer calculations the influaice of the dust content 
of the gases was ignored by Gygi„ 

Folliot [6] calculated the transmission of heat in 
the preheating, drying, calcining and sintering zones of an 
experimental rotary kifei (Dp = 2. 78 m, L=45 m) by measuring 
the temperature of the gases, kiln wall, and material in the 
kiln. It was observed that the amount of heat transfer to 
the material as given by G-ygi was larger than the amount 
actually transmitted. Folliot has attributed this to an 
erroneous calculation of the emissivity factor of the gas 
by G-ygi. 




In the preheating, calcining and sintering zones about 
84 per cent of the heat supplied to the kiln charge is 
transmitted by radiation and convection from the gas and by 
radiation from the wall (90 per cent of this heat is trans- 
mitted by radiation and 10 per cent by convection). The 
balance of the heat transfer (l6 per cent) is supplied to 
the material by the 'wall effect' (convection effect of the 
refractory), this being the heat that is stored up in the 
lining and is transferred to the material at .each revolution 
of the kiln. The wall effect increases only slightly with 
the thermal conductivitv of the lining, but it increases 
considerably with the thermal conductivity of the charge 
material. 

Owing to the loose packing of the charge material in 
a rotary kiln it acts as a good heat insulator; the energy 
transmitted to the surface is not entirely carried away to the 
interior of the layer of material and the result is that a 
thin surface layer becomes highly heated. The radiation 
emissivity of the layer of material is less than unity, and 
therefore part of the heat absorbed is reflected. The 
reflectivity coefficient (reflected heat/total heat absorbed 
by radiation) increases with higher material temperature and 
greater fineness of grain for grain sizes above 1 mm it 
ceases to change however. Eolliot [6] gives the following 
values for this reflectivity coefficient; raw meal 0,20; 
decarbonated raw meal 0.30; and clinker 0.20, 
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Host investigators have taken the burden to be well 
mixed and consequently assumed that the outer layer of the 
burden has the same temperature as the interior of the burden. 
Wachters and Kramers [33] have studied heat transfer to 
granular material in a rotating cylinder. In experimental model 
( D = 0.152 m, L-0.475 m) with a heated wall was used with 
dry sand as the kiln material. They have observed that the 
solid mixing process have a significant effect on the overall 
heat transfer rates. However, equations developed by Wachters 
and Kramers are not applicable to the direct fired rotary kilns. 
Pearce [l] in his study attempted to derive a solid state 
side heat transfer coefficient. Pearce pointed out that the 
gas cannot radiate heat to a particle situated within the 
charge material. It can do so only if the particle rises 
to the surface* Its retention time at the surface will 
depend on the circulatory motion within the material. In 
course of this movement the particle heats up very rapidly 
and acquires a far higher temperature than the general mass 
of the material. It then disappears into the mass, where 
it gives up the heat that it has absorbed so that the heating 
of the mass of the material Is accomplished by a sort of 
f solid convection.' 

The transmission of heat from the flame to the material 


Is therefore effected in two stages: 
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(a) Heating of a thin layer of the material by 
radiation and convection from the gas and by radiation and 
conduction from the kiln wall. 

(b) Transmission of heat accumulated in the layer to 
the rest of the material. 

Measurements by Folliot [6] have shown that for a 
constant average temperature of 680°C in the mass of the 

material the surface undergoes a rise of 80°C and 270°C in 
0,1 and 1 second respectively, but at a depth of 1 mm below 
the surface the amount of heat supplied to the material is 
only one-hundreth of the heat radiated on to the surface. 
According. to Folliot the surface is renewed in less than one 
second. 

4.2 Overall Heat Temperature Coefficients: 

From Folliot's investigations and the heat transfer 
formulae given by Schack [ 34 ] and Heliginstaedt [ 35 ] it 
appears that at gas temperatures above 800-900°C such as 
occurs in the preheating, calcining and sintering zones of 
the wet process rotary kilns and at low gas velocities heat 
is transmitted almost entirely by radiation. Heat trans- 
mission by radiation can be affected only by the carbon- 
dioxide, water and dust content of the gases. According to 
Schack [ 34 ] equations ( 4 . 1 ) and ( 4 . 2 ) represent heat trans- 
missions by radiation for carbon dioxide and water 
respectively: 
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q co = 8.9 (P.S. ) 0 ' 4 (^) 3# 2 K. cals/hr m 2 (4.1) 

2 . .. .. .. ' ' i/5 

q H 0 = (40-73 P.S.) (P.S.) 0 * 6 i^) 232 +1 - 31 (P,S#) 

K. Cals/hr.m 2 (4.2) 

where 


P = partial pressure of CO 2 or HgO 

S = thickness of the gas stream 

Equations (4.1) and (4.2) show that the transmission of 

heat by radiation increases with the thickness of the gas 

stream. The latter is determined by the effective diameter 

of the kiln: its inner diameter must be multiplied by 0.9 

to obtain the thickness of the gas stream [36], 

Equations (4.l) and (4.2) show that radiation is 

0 5 

approximately proportional to D, The exponent may in fact 
range from 0.4 to 0.6 depending on the constituents of the 
gas and its dust content. Prom Polliot 1 s empirical obser- 
vations the transmission of heat for equal temperature 
differences between gas and charge is approximately proportional 
to D°-5 . 


Q = 115,000 D 0,5 K.cals/hr m 2 (4.3) 

The surface area of the kiln charge is obtained for equal 
grain size, from the loading factor 0^, the length and 
diameter of the kiln: 

P = D. 1. sin 6 


(4.4) 
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where, D = 
6 = 

^rad = 


diameter of kiln; L = length of kiln; 

half of the central angle subtended by the charge 

to the centre of the kiln; 

U , . AT D.L. sin 6 (4.5) 


Urad = overall radiation heat transfer coefficient 
In view of the foregoing conclusions, one may adopt for the heat 


transfer coefficient: 

- E o D °' 5 


Qr ad = K q D u *? b T. D. L. sin6 


Qrad « K o D < 

= constant 
o 


b T.L. sin6 


(4.6) 

(4.7) 

(4.8) 


Since 90 per cent of the heat supplied to the charge is in the 
preheating, calcining and sintering zones of the wet process 
rotary kilns, the heat transfer in the kiln and consequently also 

the throughput are for equal temperatures, approximately pro- 
portional to the transmission of heat by radiation 


Q = K.D . 1 * 5 L A T 


(4.9) 


In equation (4.9), sin6 has been dropped because the loading 
factor in 0^. in most modem day rotary kilns is constant between 
8-20 per cent and even a 100 per cent variation in (3L causes 
the value of sin6 to change by about 16 per cent only. 

In terms of the above considerations the specific 
throughput can be represented by equations (4,10) and (4.1l) 


f or 0 and Gr 1 . 


E D 1 *^ L 

it D 2 ‘t 


t/24 hr. nP (4.10) 
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G* = = K _^ jp.5 t / 24 hr m 2 (4.11) 

where K and K, are constants (K = ~ K-. ) 

G- = specific loading per unit volume 
G' = specific loading per unit inner surface area. 

By a statistical examination of 24 kilns in actual 
operation VDZ (Association of German Cement Works) has 
reported an average value of of 3.13 (standard deviation 
3.7 per cent). The statistical investigators hear out the 
theoretical considerations as to the transmission of heat 
in the direct fired rotary kilns. It must he borne in mind, 
however, that the transmission of heat is also dependent on: 

1. The temperature difference between the gas 
and the material. 

2. The dust content of the gases. 

3. The loading factor of the kiln. 

4. The kiln charge material: particle size, colour etc. 
But these four conditions are more or less uniform for 
similar kilns. 

Pearce [1] has given theoretical estimates of heat 
transfer from a rotary kiln flume. This is shown in Figure 
4.1, and it is evident that convective heat transfer also 
plays an important part in the burning zone. Also included 
in Figure 4.1 is an estimate of the effect of swirling of 
the primary air jet and thus leads to a reduction in convective 




Fig. 4-1 - Heat transfer coefficients in the burning 
zone as given by Pearce LI]. 



3 4 6 8 10 

Flame length in kiln model diameters 


Fig. 4- 2 -Flame length and primary air flow as 
given by Rhuland [37 3. 
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heat transf er caused by a decrease in the axial velocity 
of the flame. 

4 * 3 Estimates of Flame Lengths: 

The effect of primary air momentum on flame length 
and combustion intensity has been studied extensively by 
Ruhland [37] with both model experiments and plant trials. 

In his model experiments Rhuland simulated the mixing and 

I 

combustion processes by reacting dilute acid and alkali 
solutions with phenolphthalein as indicators in long plastic 
tubes. The acid solutions being pushed in through a small 
narrow glass tube placed at the centre of the larger tube 
containing alkali very much in the same manner as pulverised 
coal is fed to the rotary kiln through a central fuel pipe. 

A pink coloured zone was produced which had the essential 
appearance and characteristics of a flame. Rhuland thus 
deduced a general equation for flame lengths. At relatively 
low nozzle velocities Rhuland' s equation predicts experimental 
observations with acceptable accuracy as shown in Figure 4.2. 
The angle between the kiln and the burner axis has little 
effect on the flame length. 



C HAPTER 5 


MODEL FOR TRANSPORT PROCESSES IN 
ROTARY KILNS 

The transport processes occurring in a rotary kiln 
consist of simultaneous heat and mass transfer with chemical 
reactions. Each particle in the charge travels in a complex 
spiral like motion as described in Chapter 2. During a part 
of its journey through the kiln it remains on the surface of 
the charge where heat is transferred to it directly by 
radiation and convection from the hot gases. But most of 
the time it receives heat indirectly from the other particles 
when the charge is thoroughly mixed during rotation of the 
kiln. The complexity of the transport processes in the 
kiln is further increased by the evaporation of the slurry 
water, decarbonation of the charge and finally by the liquid 
formation during clink ering. ^olid-solid reactions between the 
various constituents of the charge (like CaO and SiO^) and 
between the intermediates (like A^, C^ A and 0^ A) are 
very difficult to analyse. Rate equations for such solid- 
solid reactions are not known because of their dependence 
on properties like fineness and homogeneity of the charge 
material which are difficult to characterize. 

However, with certain simplying assumptions a 
model may be developed to take into account both heat and 
mass transfer processes. 
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5.1 As stunn t ions 

The following assumptions are made: 

(i) All transport processes occur at steady state. 

(ii) Specific heat coefficients, latent heats and 

heats of reaction arc constant at their average 
values. 

(iii) Convective heat transfer coefficients are 
independent of temperature. 

(iv) Burden material travels at a uniform velocity 
through the kiln. The linear velocity of the 
charge in the kiln is given “by equation 3.20. 

(v) Gas wall and solid emissivities are constant at 

their average values. These values are taken from 
Lyons [41] for cement kilns and from Libby [40] 
for lime sludge kilns. 

(vi) No loss of material in the form of dust. 

(vii) Presence of possible impurities and inert compounds 
are not included excepting inso far as they affect 

the kinetic factors. 

(viii) Combustion is assumed to be complete- 

(lx) Complete mixing of the burden material during 

the slumping of the charge after every revolution 
of the kiln. 

Heat transfer occurs in rotary kilns according to the 
following modes, similar to the study by Sass [39]. 
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(i) gas to solid by convection and radiation 

(ii) gas to inner wall by convection and radiation 

(iii) inner kiln wall to solid by conduction, and 

by radiation from the uncovered portion of the 
wall. 

Civ) radial conduction through the kiln wall and 
insulation. 

(v) heat losses from the outer wall to ambient air 
by radiation and convection . 

Heat transfer rates for the above modes can be represented 
by equation 

a i = ^i ^i 

where = heat transfer coefficient 

A^ = heat transfer surface per unit length of kiln 


The relationships used fon the different modes of heat 
transfer are summarised in Table 5.1- 

Having developed the heat transfer correlations we 
write down the sequence of reactions occurring in a rotaiy 
cement kiln. 

o “ H ? 0 

Slurry (room temperature) ^-sluriy (212°i 1 ) — dry solids 

(212°H) 

(5.1) 

Solids (212°]?) ^ Solids (l650°P) (5.2) 


CaCd 


CaO + GO, 


2CaO + SiO, 


( CaO ) 2 Si0 2 


CaO + (CaO) 2 SL0 2 


(Ca0) 3 Si0 2 


(5.5) 

(5.4) 

(5.5) 
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For the lime sludge kiln we have only the reactions 
corresponding to equations (5.1) to (5.3). The rate expressions 
for each of the reactions can be written in the form of the 

7 > 

Arrhenius equation. Table 5.2 gives the Arrhenius constants 
and the heats of reaction for the chemical reactions occurring 
in a rotary- cement kiln. 

5.2 Temperature and Composition Profiles ; 

For the purpose of development of differential equations 
which describe the temperature and composition profiles in the 
kiln one can divide the kiln into four sections. In the 
drying zone, the wet solid is heated to the boiling point of 
the water by the hot gas. It is assumed that no vaporization 
occurs in this region. In the second region, liquid is 
evaporated at constant solid temperature. It is assumed that 
gas temperatures in this r ,-gion are high enough that the 
rate of liquid evaporation is not mass transfer controlled. 

In the third region the charge is raised to calcination/ 
sintering temperature and the equations are identical to 
those used in the first section except that the values of 
specific heats and mass flow rates now refer to the dry 
solid and gas streams. In the fourth region calcination 
and 'the cement forming reactions start so that the equations 
> describing the temperature of the material contain the heats 
of reaction term in addition to the heat transfer terms. 
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Using assumption (i:\i) one mav write clown the uniform 


burden velocity through all the zones as 


dir ' & B 


dt 


B 


W, 


TO 


(5.6) 


In addition the mass flow rate of the burden material and 
the gas at any section of the kiln are given by equations (5.7) 
and (5.8) respectively. 

M . 

(5.7) 

(5.8) 

For the first section where the water in the sluriy is brought 
to Its boiling point the temperature of the material and the 
gas are described by the equations (5.9) and (5.10). 


M . 

Gg = & B [ 1 + (jjfS-5 C 1 + W] 


G g = % [1 + + 0’] 


dT. 


air = ci"G. [“ 2 ( V I m ) + “ 3 ( V T mh 


s 


dT 
— & 
- dl 


(5.9) 

dG„ 


a-V E«a< W + a l ( vy + °pJW dL 

5 


+ HP] (5.10) 

For the second region where the evaporation of water occurs 
the temperature of the material remains constant. This 
situation is described by equations (5.1l) to (5,13) 


T = Constant 
m 


B.W 


£«2<VV + * V 


dW (RW)B 


dl 


a 


(5.11) 

( 5 . 12 ) 

(5.13) 


B 


The equation for the gas temperature is the same as equation 
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In the third region equations aro identical to those used 
in the first region except that the values Cp m , Cp^, G-^ 
now refer to dry solids and gas streams. 

Equations (5.14) to (5.18) are applicable in the 
fourth zone in which the ma.ior reactions occur. The decompo- 


sition of calcium carbonate is given by equation (5.14). 


k c CpB 


(5.14) 


Equations (5.15) and (5.16) are valid for the formation of 
the cement compounds CpS and C^S respectively. 


[(# } k x 0 S “ k y 0X J Gk 


(5.15) 


( C } k y CX -fj 


(5.16) 


The disappearance of silica and the formation of free lime 
follow equations (5.17) and (5.18). 


nr = yp c s - C5 - 17) 

C Jd 

If = t- C 2 S - ky OX + k 0 0 1 ] ^ (5.18) 

On the basis of the energy balance, equation (5.19) can 
be written for the burden temperature in the fourth section 
and the gas temperature is again given by equation (5.10). 


C Pm G S 


[ a,(T„-Tj + a 5 (T w -V - B k n c 


La i J. — j. 

2 V g m 


G 1 


.^H z B k^. 0 2 S] 


+ 


(5.19) 
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The temperatures of the inside and outside walls are 
obtained from an overall heat balance equations (5. 20) to 
(5.23). 


a l ( W + “3 (I „ 'V + “4 ( V- T v> 

a d T w” T w' ) + a 5 (T a - r r w t ) = 0 
1 


= 0 


T. 


w 


( g i h + g ? i 

^ 1 ^ ” a^T 


( cKc- T + a, T ) 

I ,= „ 4 yj 

w (aTT at- ) 


(5.20) 

( 5 . 21 ) 
( 5 . 22 ) 

(5.23) 


Equations (5.6) through (5.23) establish the mathematical 
form which represents the behaviour of the cement rotary kiln. 
Similarly equations (5.6) through (5.14) together with equations 
(5.19) after deleting the last term corresponding to lime- 
silica reactions represent the behaviour of a rotary lime 
sludge kiln. 

The above equations are used in the computer program 
to predict the temperature and composition profiles in cement 
and lino sludge rotary kilns. A list of tho input variables 
required as data and the output parameters of the program 
is shown in Table 5.3 and a flow chart for tho simulption 
program is depicted in Figure 5.1. 
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TABLE 5.3 ; INPUT /OUTPUT PARAMETERS FOR SIMULATION PROGRAM 


Input Variables 


Definition 


0 


a. 


B 

G 


N 


0. 


Eg 

3 Pm 

e n 

e g 


*w 


^a 

Tg(° ) 

T m (0) 

0^0) 

w(o) 
c*(0) 
w 1 (o) 
s^o) 

B 

IS 

A-4 


W 

L f 

RE 


Overall length, of lain 

Chain section length 

Product mass flow rate 

Nitrogen mass flow rate 

Specific heat of gas 

Specific heat of burden material 

Ehissivity of burden material 

Enissivity of gas 

Emissivity of wall 

Ambi ent t emperatur e 

Exit gas temperature 

Inlet slurry temperature 

CaO as CaCO^ in raw feed/unit clinkerable 
mass 

Water in slurry feed/unit clinkerable mass 

CC^/unit ^ mass in exit gas 

Wat or/unit Ng mass in exit gas 

SLC >2 in raw feed/unit clinkerable mass 

Clink enable burden mass/unit length 
Integration step size 
Heat transfer areas 

Thermal conductivity of wall 

Flame length 

Rate of combustion/unit length of burning 
zone 
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Table 5-3 (contd) 


Output Variables 


Definition 


T g (x) 

T m (x) 

¥(x) 

Cl(x) 

C(x) 

X(x) 

Y(x) 

G-g(x) 

H 

vap 

H cnlo 

H loss 


Temperature of gas at any length x 

Temperature of burden material at any 
length x 

Wa.ter/unit clinkerable mass at any length x 

OaO as CaCO^/unit clinic enable mass at any 
length x J 

Free line/unit clinkerable mass at ary 
length x 

O^S/unit clinkerable mass at any length x 

S/unit clinkerable mass at any length x 

Total burden mass/unit clinkerable mass at 
length x 

Total heat consumed in vaporisation of 
water till length x 

Total hoat required for calcination till 
length x 

Total heat loss till length x 
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CHAPTER 6 


APPLICATIONS QE THE MODEL 

The model developed in Chapter 5 was tested for the 
wet process cement kiln and lime sludge kilns using operating 
data from manuf acturersAiln- operators as well as data reported 
in literature. In some cases manufacturers were only able 
to give a partial characterization of their kilns and it was 
necessa:ry to rely upon literature indicated values for kilns 
in similar size range producing the same product. Table 6.1 
summarises the data obtained from various sources. Data on 
cement kilns were obtained from A. C. C. Limited, Bombay, K.C.P, 
Limited, Madras, and also taken from literature Lyons et al [41] 
Data for lime sludge kilns were provided by West Coast Paper 
Mills, Ltd. , Karnataka and also taken from literature Libby [40] 
Data obtained from Central Pulp Mills Ltd., Surat for a 
limestone rotary kiln are also included in Table 6.1. 

A DEC-10 computer was used to solve the system of 
simultaneous differential equations developed for the model. 

The computer program listing is given in Appendix B. The 
model is first applied to the relatively simpler lime sludge 
kilns and later used with the three sets of data for the 
cement kilns. Computer outputs for data from West Coast 
Paper Mills, Karnataka and A.C.C. Limited, Bombay are 
attached. Simulated profiles of the burden composition and 
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gas and burden temperatures for all five sets of data are 
shown in Figures 6.1 to 6.5. Summary of simulation results 
for each of the five data sets are shown in Tables 6.2 to 

6 . 6 . 

6.1 Discussion of Results : 

The model developed in Chapter 5 considers two sub- 
divisions for the drying zone. For the purpose of the model 
it was assumed that the gas temperatures during evaporation 
were high enough and consequently that the rate of liquid 
evaporation was controlled by heat transfer rates rather than 
mass transfer rates. The model was able to predict drying 
zone lengths fairly accurately. However, the temperature 
of the burden material is not constant at exactly 100°C as 
predicted by the model. Investigations on rotary cement 
kilns [5] show that the temperature of the material in the 
drying zone remains constant only until a moisture content 
of 4 por cent reached, Upto this point the surface of the 
material remains moist. Water held at the surface by 
capillary action and adsorption is evaporated only when the 
moisture content falls below 4 per cont. In the drying of 
cement slurry in the chain section of rotary kilns, the raw 
mix becomes plastic at 13-16 per cent moisture content and 
there occurs another transition point. In all wet process 
cement rotary kilns, the drying rate in the chain zone above 

13-16 per cent moisture content is higher than that below it. 
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In the region "where "the slurry is liquid the chains are 
completely covered with slurry exposing a large surface 
area and consequently a high drying rate. On the other hand, 
in the plastic state of the raw mix, the chain svstem functions 
a regenerative heat exchanger; the chain become heated in 
the gas stream and the heat they thus absorb is imparted to 
the kiln charge when they dip into the layer of material. 

In the absence of data for drying ratos in tho three zones, 
above 15-16 per cent, between 13-16 per cent and 4 per cent, 
and below 4 per cent moisture content it has not Deen possible 
to model the drying phenomenon in wet process rotary kilns 
with any degree of refinement. 

The decarbonation of the raw meal in cement rotaiy 
kilns according to the model starts when the burden temperature 
reaches 887°0 (l629°T') as in Figures 6.1 to 6,3, However, 
in actual practice it has been found that the dissociation 
of calcium carbonate already begins at a material temperature 
of about 600°C (1112°F) # At the start of decarbonation no 
liberated lime can be determined as it combines immediately 
with the silica and alumina of the clay. Therefore, not 
more than 2 per cent free lime [5] is present at temoeratures 
upto 800° 0 (1472°P). 

The formation of new phases in the rotary kiln at 
relatively low temperatures can be attributed to the fact 
that the surface of the material exposed to the radiation 
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of tho flame is considerably hotter than the measured 
average temperature of the charge material. Tho first 
decomposition of calcium carbonate occurs at the surface of 
tho material exposed to the radiation of the flame. In 
consequence of the rotation of the kiln the decomposed 
material mingles with the rost of tho material, and its 
temperature equals the average measured temperature of the 
charge. Weber's [5] measurements have s^own that the 
temperature of the surface exposed to the flame is roughly 
200°C hotter than the general mass of material. This partly 
explains why calcium carbonate decomposition m kilns appears 
to start at roughly 600°0 instead of 887°C which is the 
normally observed value. The equations used in tho model 
describing the process wore based on the assumption that at 
a given cross-section in the kiln, the gas, solid, inner-wall 
and outer-wall temperatures were independent of their radial 
position. For the solids, this assumption is equivalent to 
stating that the material is well mixed. It is theoretically 
possible to take into account the heat transfer resistance 
between the burden surface and the burden interior. However, 
Pearce's [1] equation to calculate the 'solid side 
coefficient' have variables which have not been determined 
for commercially operating kilns. In view of this, complete 
mixing was assumed for the model in line with the ass\:imption 
of Imber and Paschkis [3], 
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Another reason why decarbonation in actual kilns 
appears to start before that predicted by the model is that 
there is carryover of kiln dust by the gases. The quantity 
of dust carried increases with the velocity of gas. This 
leads to some sort an ’axial mixing' for the burden material. 
Decarbonated material carried by the gas is precipitated by 
the chains and heat exchanger inserts at the drying end of 
the kiln. In view of this, the apparent decarbonation at 
any axial distance from the feed end predicted by the model 
is slightly lower than that in an actual kiln where there 
is 'axial mixing'. 

The simulated profiles for and C^S in Figures 

6.1 to 6.3 do not show a sharp peak as is observed in 
practice. This peak occurs in an actual kiln because ?0-30 
per cent of the burden material becomes molten at the clinkering 
temperature when reaction rates increase substantially 
compared to solid-solid reactions. Some of the parameters 
that control the mass transfer during clinkering are the 
mineralogy of the raw materials, the fineness of the raw 
materials, and the homogeneity of the mix. Therefore, it 
is veiy difficult to describe the kinetics of clinker 
formation in a general manner. At temperatures greater than 
1300°C (2372°?), the fineness and homogeneity of the raw 
mix are the rate controlling parameters, >Since data on 
the sieve analysis and homogeneity of tho raw mix before 
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clinkering are not available further refinement m the 
model for the reaction between CaO particles and cement 
clinker is not possible. 

For the lime sludge kilns Figures 6.4 and 6.5 show 
that the flame length has been ignored because lime kilns 
utilize natural gas or oil as fuel which gives a short 
intense flame. 

Figures 6.6 and 6.7 show typical improvements m 
heat efficiency that can be obtained by reducing the slurry 
water content (with constant feed rate of slurry) . Figure 
6,6 is for a cement rotary kiln at KCP Limited, Madras and 
Figure 6.7 is for data from West Coast Paper Mills, 
Karnataka for their lime -sludge kiln. 





CHAPTER 7 


COHCLUSIOHS AKD RECOMMENDATIONS 

7 .1 Conclusions 

1. The model developed in the present study was 
applied to actual operating cement and lime sludge kilns 
and gave fairly good agreement (within 8.1 per cent) for the 
enthalpy balance. The drying zone lengths predicted by 
the model were within 13 per cent of actual values in all 
cases. 

2. A maximum error of 14.4 per cent m the length 

of the calcining zone as predicted by the model was mainly 
attributable ^ . (a) the assumption of perfect mixing 

in tho burdon material and (b) ’axial mixing 1 because 

of fine dust particles of decarbonated material being 
carried by the gas and precipitated by the chains at the 
drying end of the kiln, 

3. It was also observed that simulated profiles for 
C 2 S and C^S did not show a sharp peak at clinkering 
temperature as observed in practice. This peak occurs in 

the actual kilns because 20-30 per cent of the burden material 
becomes molten at clinkering temperature thus increasing 
the rates of reaction compared to solid-solid reactions. 


u i . H (*■ NIHJ* 

CE*W*AL l]BR*ar 
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7 . 2 Recommendations 

The present work could be very well applied to 
the simulation of lime stone kilns. The principal difference 
that arises in the design of rotary kilns for limestone as 
compared to that of lime sludge kiln is due to the size 
of the particles (5-20 cm in diameter) which contributes 
a major resistance to heat transfer. Calcination of 
limestone takes place in a very narrow zone which is the 
phase boundary between calcium oxide and calcium carbonate. 
In view of this, the rate of calcination becomes an important 
factor m the design of rotary kilns for limestone. It 
has been found [45] that the length of time required to 
calcine is directly proportional to the particle size. 

Using this assumption a two-dimensional model could be 
very well applied in the present work for lime stone 
kilns. 
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TAILS 6.2: SIMULATION OS ROTARY CfflffiT KILN (ACC LTD' 


Kiln Data 

Length, ft. 

I.D." of kiln, ft 
0. 0. of kiln, ft 
Chain section, ft 


368 

6. 6x8x9 
10x9x10 
56 


Zone Lengths 


Actual Value Simulated Value 


Drying zone 69 78 

Calcining zone 28 85 

Heat Balance (Reference temperature 95°F) 

tou t. 

Fuel 

Input gas 67,200 lbs/hr* at 646°S 


Per cent 
error 


+13 

-13.2 


67.23 x 10' 
11.71 x 10' * 


Outnut 


Solids 28,000 lbe/hr at 2053°S 14.25 x 10 
Gas to stack 106,960 lbs/hr at 356°S 8.79 x 10* 
Latent heat of vaporization 24080 lbs/hr of water 23.30 x 10 ( 


Latent heat of calcining and clink ering 

Heat losses 

Total 


19.20 x 10 
13.40 xlO 6 


sction 


Total input 

Heat recuperated by cooler (solids 2046°F 
Net fuel 

Actual fuel input 

Per cent deviation in energy balance 


78.94 x 10° 

43 2°F ) 11.71 x 10 6 
67.23 x 10 6 

73.21 x 10 6 
8,16 per cent 


: SlnULAIIOH 01' CfflMT ROTARI KILN HONS 


Kiln Data 


Length, ft. 

450 

I.D. of kiln, ft 

10.25 

O.D. of kiln, ft 

12 

Chain section, ft 

100 



Zone lengths 

P er c ont 


Actual 

value 

Simulat ed 
value 

error 

Drying zone 

100 

111 

+11 

Calcining zone 

125 

107 

-14.4 


Heat Balance (Reference temperature 40°F) 


Innut 

Fuel 

Input gas 229,000 lbs/hr at 502°F 


Btu/hr 


174.10 x 10 

■ J5 t 50 ,.x_1O 

207.60 x 10 


6 

6 

* 


Qaja aai. 

Solids 56,900 lbs/hr at 2573°F 

Gas to stack 509,700 lbs/hr at 490°F 

Latent heat of vaporization 49,700 lbs/hr, 
of water 

Latent heat of calcining and clink ering 
Heat losses 

Cooler Correction 
Total input 

Heat recuperated by cooler 
(solids 2575°F-305 b F) 

Actual fuel input 

Per cent deviation in energy balance 


37.47 x 10 6 
44.88 x 10 6 


48.10 x 10 6 
38.80 x 10 6 

iU LQi 

206.06 x 10 6 
207.60 x 10 6 


55.50 x 10 
174 ..10 x 10 
179.00 x 10 


6 

6 

6 


3 ner cent 




TABLE 6.4 : SIMULATION OF PUTARI Oftjl KILN (KCP LTD ) 


Kiln Data 


Length, ft 

443 

I.D. ,ft 

11.81 

O.D. ,ft. 

11.97 

Chain section, ft 

115 


Zone lengths 

Actual value Simulated value 

per cent 
error 

Drying zone 131 131 

Calcining zone 125 110 

. 0 

-12.0 

Heat Balance (Reference Temperature 95°B) 


Input 

Btu/hr 

Duel 

157.17 x 10° 

Input gas 155000 lb s/hr at 753°P 

32.13 x 10 6 


189.30 x 10° 

Output 


Solids 60,600 lhs/hr at 2566°P 

38.78 x 10° 

c 

Gas to stack, 240,000 lb s/hr at 482°P 

29.31 x 10° 

Latent heat of vaporization of 52,264 

C 

lbs /hr of water 

50.70 x 10 

Latent heat of calcining and clinkering 

41.50 x 10° 

c 

Heat losses 

29.00 x 10 

Total 

189.29 x 5551 

Cooler correction 


Total input 

189.29 x 10 

Heat recuperated by cooler (solids 

g 

2566°F - 527°?) 

.12 OZ -S-1Q 


157.17 x 10° 

Actual fuel input 

168.00 x 10 6 

Per cent deviation in energy balance 

6.4 p er c ent 
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TAi3LE 6, 


SIMULATION OF LIME SLUDGE KILN 


Kiln Data 

Length, ft 
I.D., ft 
0, D, ,f t 
Chain section 


7.00 

8.00 


Zone lengths 

Actual value Simulated Value 


Drying zone 60 59 

Calcining zone 160 150 


Heat Balance (Reference temperature' ; 70 °F; 
Input 

Input gas 28 , 700 Ibs/hr at 3917°F 


Per cent 
error 


- 1.6 

-6.25 


34.65 x 10' 


Solids 9300 Ibs/hr at 2566°P 

Gas to stack 45,562 Ibs/hr at 400°P 

Latent heat of vaporization of 10,308 lbs/hr 
of water 

Latent heat of calcining 

Heat losses 

Total 

Actual fuel input 

Per cent deviation in energy balance 


4.14 x 10" 
4.74 x 10* 

10.10 x 10* 
10.60 x 10* 
4. 87 x 10* 


35.00 x 10 c 
1 per cent 
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TABLE 6,6 : SIMULATION OE LIME SLUDGE KILN 
(West Coast Paper Mills) 


Kiln Data 
Length, ft. 

I* D„ , ft. 

O.D., ft. 

Chain section, ft. 


xone lengths 

Actual value Simulated Value 


Dating zone 45 47 

Calcining zone 85 79 


Heat Balance (Reference temperature 158°E) 

Input I 

Input gas 14,500 lbs/hr at 5058°E ] 

Qa&a.ut 

Solids, 5,740 lbs/hr at 1655°P 3 

Gras to stack, 25100 lb s/hr at 419°B 2 

Latent heat of vaporization of 

8066 lbs/hr of water r 

Latent heat of calcining t 

Heat losses ^ 


Per cent 
error 


+ 9.5 

-7.0 


;u/hr 


178.20 x 10- 


Actual fuel input 


14.56 x 10^ 
20.64 x 10 5 

78.40 x 10 5 
41.20 x 10 5 
25.50 x 1 0 5 
na -<r n r3 


.78,50 x 10- 
18.2 x 10 6 


Percent deviation in energy balance 


2.2 p er c ent 
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APPENDIX A 

THE CHEMISTRY OP LIME AND CEMENT 

Portland Cement ; 

Portland cement is a powdered mixture containing 
mainly dicalcium and tricalcium silicates, and small amounts 
of calcium aluminates. In all applications it is slurried 
in water and sets slowly bonding intermixed aggregates into 
a hardened mass of concrete. It is made by sintering a 
mixture of calcareous and argillaceous raw material s. Natural 
calcareous deuosits like limestone and shell, beds sun-ply 
lime while natural argillaceous deuosits like clay, shale, 
slate deposits are sources of both silica and alumina. The 
principal raw materials, limo, silica and alumina should be 
in the desired proportion in the raw mix tor cement production. 
Supplemental materials of suitable composition may be used 
to adjust the raw mix to the desired proportion of ingredients. 
Among other compounds occurring in natural deposits iron 
is an important constituent, it combines with lime and/or 
alumina to form lime-alumina-iron compounds and also acts as a 
flux. Phosphates and alkalies are present in small amounts 
as impurities while magnesia may be present in varying 
proportions in some raw materials. During the sintering 
process chemical reactions take place producing nodules, 
(clinkers) which are composed principally of calcium silicates 
and aluminates. 
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ASTIi (Amor. Soc. of Testing Materials) has classified 
Portland cement m five categories as shown in Table A.l, 
which also shows the average composition of the major 
constituents. 

A. 2 Reactions in the Cement Rotary Kiln ; 

Reactions in cement rotary kilns occur in three or 
four zones depending on whether it is a dry or a wet process 
kiln, lea [24], Bogue [25], Torpov and lugmina [26], 

Woermann [27] and several others have studied cement reactions 
extensively. Inf oimation on the course of reactions in 
commercial kilns has been obtained by sanroling at various 
points, either after stopning the kiln and allowing it to 
cool [42] or, better daring normal operations [45]. Tempera- 
tures at various points can be determined by inserting 
thermocouples through the lining. The reactions occur in 
stages as in Table A. 2, according to lea [24]. There is 
considerable overlap in those processes caused by variations 
in mineralogy of raw materials, particle size distribution 
and homogeneity of the raw mix. 

Various authors are in general agreement [5,25] with the 
equations listed in Table A. 2 and differ in the exact sequence 
of reactions by which the cement compounds are formed. It 
was at one time generally supposed that the cement compounds 
were fomed almost wholly by crystallization from the liquid 
and that little or no interaction occurred before melting 
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TABLE A.l : A STM CLASSIFICATION 0? GEMPFT3 ML 
AVERAGE CQI'TPO SITION 


Designation General Potential compound 8 ! -per cent 



description 

c 3 s 

c 2 s 

c 3 a 


Typo I 

N o rmal ( G on oral 
purpose) 

49 

25 

12 

8 

Typo II 

Modified (General 
purpose) 

46 

29 

6 

12 

Typo III 

High early 
strength 

56 

15 

12 

8 

Typo IV 

Low-heat 

30 

46 

5 

13 

Typo V 

Sulphate 
rosi sting 

43 

36 

4 

12 


n C 3 S = 3 Ca0-Si0 2 
C 2 S = 2 CaO • Si0 2 
C^A = 3 CaO'AlgO^ 

C 4 AP^ 4 Ca0*Al 2 0 5 *Pe 2 0 3 



TABLE A. 2; REACTION S IN a ROTARY Cfflffll KILE 


Tanperaturo, 

°0 

Process 

Thermal Ghange 

100° 

Evaporation of free water 

Endothermic 

>500° 

Dchydroxylation of clay 
minerals 

Endothermic 

>900° 

Crystallisation of products - 
of clay mineral dehydroxy- 
lation 

Decomposition of CaCO^ 

Exothermic 

900-1200° 

Reaction between CaCO^ or 

CaO and alumino silicates 

Bxoth ermic 

1250-1280° 

Beginning of liquid formation 

Endothermic 

1280° 

Further liquid formation and 
formation of cement compounds 

Probably 

endothermic 
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started; but Bogue [25] has suggested that reaction of the 
constituents in the solid phases as well as with the melt 
constituents arc also important. 

The maximum temperature of 1300-1500°C is reached 

in the 'burning zone' at the hot end of the kiln. The 
clink ering temperature is chosen so as to produce a degree 

of melting sufficient to cause the material to cohere into 
small ball or lumps of clink or. At this temperature 20-30 
per cent of the materially is normally molten. Overturning, 
i.e. operating at a higher temperature, is generally 
considered undesirable, as it leads to difficulties m 
running the kiln and possibly yields a less reactive product, 
owing to the formation of larger crystals on ones containing 
fewer defects* Beyond tho burning zone tho temperature falls 
and the clinker enters tho cooler at 1000-1?00°C. The mixture 
takes about 2.5 hours to pass through a kiln 60 m long. 

Studies on the analvsis of clinker [5] show that the content 
of free lime rises to a maximum at a point somewhat before 
tho burning zone. This suggests that at 900-1000°C decompo- 
sition of the CaOO^ occurs more rapidly than the reaction of 
tho resulting CaO with alumina silicates. Immediately before 
the burning zone the free OaO content drops again and the 
temperature rises sharply to about 1250°0. Both effects are 
caused by the exothermic reaction of the OaO with the 
alumina silicates. The mixture then passes through the 
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burning zone at 1300-1500°C, where the reaction is completed 
and the free CaO drops almost to zero. 

Hie pro duct at the clinkering stage consists essentially 
of crystals of C^S and C 2 S and a liquid containing CaO with 
all or most of the AlgO^ , Fe^ and MgO, but relatively little 
SiOp* alummate and ferrite phases therefore only form 

during cooling. Other processes tho.t occur during cooling 
include- polymorphic transitions especially m OgS and reaction 
between the liquid and tho C^S or C 2 S crystals already formed. 
Tho lattor stop ^alters the ratio of C^S to C 2 S in tli« final 
clinker. 

Alumina and iron oxide servo as flux during cement 
burning j without thorn tho silicates could only be formed at 
much higher temperatures or in much longer times. The 
r.;lation 0 bobwoon tho AlgO^/F 1 e 2 0^ weight ratio ox tho mix 
and the amounts of liquid formed at different temperatures 
.are discussed by lea [24]. At a clinkering temperature of 
1400°C rather more liquid is formed for each per cent of 
"^2^3 bhan of Fe 2 0^, but this situation can be reversed in 
the earlier stage of liquid formation below 1300°C. There 
is also some evidence that Fe 2 0^ can be more effective in 
promoting solid-solid reactions. 

Successful burning of cement depends not only on the 
composition of tho raw mix but also on tho reactivity which 
is largely dependent on tho fineness and the state of 
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crystallinity of individual minerals; defects m a crystal 
are likely to make it more reactive. Torpov and Luginina [26] 
investigated the influence of particle size of the raw mix 
on the processes of combination in calcium oxide in Portland 
cement burning. Th ey showed that car c had to be taken to 
prevent the fine material from remaining in the c tinkering 
zone too long, to o„void the formation of rings in the kiln. 

They later investigated the effect of rapid burning, which 
accel orated the combination of raw materials. Heilmann [44] 
showed that not more than 0.5 per cent of silica particles 
above 0.2 mm nor more than 1 per cent between 0.09 and 0.2 mm 
should bo present m raw mixes with a lino saturation factor 
as high as 0.95, but for lower limo saturation factors twice 
these amounts night bo allowed. Upto 5 por cent of pure 
calcite particles greater than 0.15 mm in size can bo tolerated 
while impure silaceous limestones of greater size can be 
used without detrimental effects. 
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